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1.0 SUMMARY 

This r epor t  descr ibes  the r e s u l t s  of an inves t iga t ion  of the 

adverse e f f e c t s  of evaporative f reez ing  of propel lant  i n  the manifolds 

of the Gemini 25-pound and 100-pound ClAWs (Orbit  At t i tude  Maneuvering 

System) rocket engines. 

t h e  o r i g i n a l  valve leakage program (Contract NAS 9-4494) on December 10, 

1965. The i nves t iga t ion  consisted of a theo re t i ca l  ana lys i s  of evaporative 

freezing of propel lent  i n  the  i n j e c t o r  manifolds of the QAELS engines 

and an experimental study of flow stoppages caused by such f reez ing  i n  

a 25-pound RCS engine (which fs nearly i d e n t i c a l  t o  a 25-pound WS). 

This inves t iga t ion  was added a s  Phase IV t o  

The p r inc ipa l  r e s u l t s  of the inves t iga t ion  a r e  as follows: 

(1) A 8  determined experimentally and predicted theo re t i ca l ly ,  

leaking ni t rogen te t roxide  can freeze evaporat ively and obs t ruc t  flaw 

i n  the oxidizer  manifolds of  OAMS and RCS engines. 

hydrazine), however, cannot. 

MMH (monoarethyl- 

(2) It was shown experimentally f o r  a 25-pound engine t h a t  

the residual propel lant  i n  the manifold a f t e r  engine s h u t d m  d o c s  not  

obs t ruc t  subsequent propellant flow. This is explained by the  f a c t  

t h a t  the small amount of propel lant  involved is e a s i l y  vaporized by the 

r e l a t i v e l y  la rge  amount of sensible  hea t  ava i lab le  from the metal pa r t s  

of the in j ec to r .  Based on t h i s  considerat ion the same r e s u l t  i e  pre- 

d ic ted  f o r  the 100-pound OlSMs enginee. 

(3) I n  the  experiments, the obstruct ions created by evapora- 

t i v e l y  frozen ni t rogen te t roxide  caused e i t h e r  (or both) a delay i n  the 

i n i t i a t i o n  of flow, o r  (or and) a delay i n  achieving f u l l  flow a f t e r  

the valve was opened. A s ign i f i can t  delay of t he  formcr type,  16 milsec, 
wae observed only once ou t  of 22 tests. Delays of the l a t t e r  type 

were observed i n  most of the tests, the  longest  being 552 a l l s c c .  

(4) E x p e r b n t a l l y ,  leakage was simulated by rap id ly  puls ing 

the  solenoid propel lant  valves. This resu l ted  i n  a p u l s a t i l e  flow, 

which is not  c h a r a c t e r i s t i c  of the  normally expected leak. The l a t te r  

would c o n s i s t  of a t r i c k l e  flow, and the associated freezing problem i s  

an t i c ipa t ed  to  be much more severe, including more frequent and longer 

f l a w - i n i t i a t i o n  delays. 

-1- 
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( 5 )  Moreover, the p u l s a t i l e  flow c h a r a c t e r i s t i c  prevented 

experimental  determination o f  the range of leak r a t e s ,  f o r  the  n o n u l  

t r i c k l e - t y p e  leak,  i n  which evaporative f reez ing  of n i t rogen  t e t rox ide  

can occur wi th in  the manifold. 

v e r i f i e d  experimentally i n  h r e  I of t h i s  program, leak- ra te  ranges 

of 0.0033 t o  0.131 cc /sec  and 0.0035 t o  0.62 cc /sec  were  caaputed for 
both the  25-pound and 100-pound O L I S  engines,  respec t ive ly ,  assuming 

an i n i t i a l  p rope l lan t  temperature of 40°F. 

Hawever, using the theory t h a t  was 

Based on these r e s u l t s  a lone,  a recamaendation t o  develop a 

remedy f o r  propel lan t  f reez ing  and blockage of ox id izer  manifolds of 

the  OAM engines is not  j u s t i f i e d  a t  t h i s  t i m e .  The reason is that 

s u f f i c i e n t  data  a r e  not ava i l ab le  t o  conclusively e r t a b l i r h  the 

ser iousness  of the  e f f e c t  t h a t  8uch f r e e z i n s  produce8 on the perfor-  

mance of the Gemini spacecraf t .  

blockage may preclude precise cont ro l  over the f i r i n g  of the a f f l i c t e d  

engine. 

the proper use of the remaining engines. On t h e  o the r  hand, the f u e l  

lead,  imposed by a blockage i n  the oxid izer  manifold when an engine is  

f i r e d ,  may r e s u l t  i n  a severe ''hard s t a r t "  once the blockage breaks 

and flaw of ox id izer  f i n a l l y  begins. Such an occurrence would be a 

hazard t o  both the engine and the Spacecraft .  

On the one hand, the  f reez ing  and 

This is not too ser ious  s ince  compensation i s  poss ib le  through 

The l ike l ihood and seve r i ty  of 'hard s t a r t s ' '  r e s u l t i n g  fram 

the  blockage of ox id izer  flow i r  no t  known a t  p resent  bu t  i s  scheduled 

t o  be inves t iga ted  i n  Phase 111. Accordingly, there  i s  a t  p n r e n t  

no compelling rea80n t o  recormend development of a remedy f o r  propel lan t  

f reez ing  i n  i n j e c t o r  manifold8 of the Gemini WEIS engines. 

cons idera t ion  w i l l  be given t o  t h i s  once the data  from Phase 111 have 

been evaluated. 

Fur ther  

-2- 
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2.0 INTRODUCTION 

Several cases  of evaporative f reez ing  of propel lan t  have occurred 

during s t a t i c  t e s t -  f i r i n g s  of the Apollo Service Module engine (SPS) i n  a 

low-pressure environment. Although the f reez ing  caused no apparent  d i f f i -  

c u l t i e s ,  an  inves t iga t ion  seemed advisable  t o  def ine  the  s i t u a t i o n  more 

f u l l y .  The ove r -a l l  purpose of t h i s  program i s  (1) t o  def ine  the  condi t ions  

f o r  which leakage through the propel lan t  valves  w i l l  r e s u l t  i n  f reez ing  and 

impede proper engine operat ion;  (2) t o  determine the charac te r  and e x t e n t  

of such problems; and (3) t o  suggest remedial ac t ion .  

The program was  begun June 7, 1965, and was t o  cons i s t  of 

th ree  phases. Phase I ,  a study of the  e f f e c t s  of leakage of ni t rogen  

t e t rox ide  through a propel lan t  valve i n t o  the  flow passages of feed and 

manifold systems, has been completed and the r e s u l t s  reported i n  Reference 3. 

Phase 11, a s i m i l a r  study with Aerozine-50, and Phase 111, an inves t iga t ion  

of the e f f e c t s  of the freezing of leaked propel lan t  on hypergol ic  i g n i t i o n ,  

a r e  t o  be completed i n  the  near fu ture .  

On December 10, 1965, the program was amended t o  include a n  im- 

mediate five-week inves t iga t ion  of the  adverse e f f e c t s  of evaporat ive 

f reez ing  of propel lan t  i n  the manifolds of  the  Gemini OAMS (Orbi t  A t t i t ude  

Maneuvering System) rockets .  The successive f a i l u r e  of  severa l  OAMS rocke ts  

on the Gemini 5 vehic le  possibly can be a t t r i b u t e d  t o  evaporat ive f reez ing  

of propel lan t  wi th in  the i n j e c t o r  manifold and the  consequent stoppage of 

propel lan t  flow. Such a s i t u a t i o n  could involve e i t h e r  t he  propel lan t  

which normally remains i n  the manifold a f t e r  engine shutdown, o r  t h a t  which 

con t inua l ly  seeps i n t o  the manifold through leaky valves.  This a d d i t i o n a l  

i nves t iga t ion ,  which was designated Phase I V  of the  ove r -a l l  program has 

been completed, and the  resul ts  a r e  presented i n  t h i s  r epor t .  An a n a l y s i s  of  

the  condi t ions  necessary f o r  evaporat ive f reez ing  t o  occur and the a b i l i t y  

of the frozen propel lan t  t o  obs t ruc t  flow i n  the 25-pound and 100-pound TCA 

assemblies i s  presented i n  the following sec t ion ,  Sec t ion  3.0, Theore t ica l  

- 3- 
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Analysis.  The r e s u l t s  of an experimental i nves t iga t ion  of the f reez ing  

of leaking and r e s idua l  propel lant  i n  a Gemini 25-pound RCS rocket  engine 

(which i s  almost i d e n t i c a l  t o  a 25-pound OAMS engine)  a r e  described i n  

Sec t ion  4.0, Experimental Studies. A f u l l  desc r ip t ion  of the  test  

apparatus  and procedures is a l s o  presented i n  t h i s  sec t ion .  I n  the next 

s ec t ion ,  Scc t lon  5.0,  Conclusions and Recommendations, the s ign i f i cance  

of the major r e s u i t s  a r e  aiscussed, and recommendations a re  made f o r  

fu tu re  work. The s t a t u s  of the ove r -a l l  program is discussed i n  Sect ion 

6.0. Appendix A conta ins  the  va l id  leak  test  data gathered i n  the 

ex pe rimen t a  1 inve s t iga  t ion. 

- 4- 
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3.0 THEORETICAL ANALYSIS 

3.1 INTRODUCTION AND CONCLUSIONS 

The flow passages of propel lan t  feed and manifold systems of a 
l i q u i d  rocke t  engine,  f o r  a non-f i r ing condi t ion during f l i g h t  i n  space,  

a r e  exposed t o  a vacuum environment through the engine 's  i n j e c t o r  por t s .  

Any propellant withir! these pssages ,  arfsixg fr,m ve?-;e lea'ffige in ihe  

r e s idua l  a f t e r  engine shutdown, must undergo evaporation. Because of 

the very l o w  ex te rna l  pressure,  the  vapor evolved must pass ou t  through 

the p o r t s  under choked- flow condi t ions (sonic ve loc i ty) .  Associated 

with t h i s  vapor flow is t h e  removal of the l a t e n t  hea t  of vaporizat ion.  

Consequently, the  propel lan t  remaining i n  the  passages cools  and, under 

many condi t ions ,  f reezes .  The l a t t e r  leads  t o  the accumulation of f rozen 

propel lan t  which may obs t ruc t  subsequent propel lan t  flow and preclude the  

successfu l  r e f i r i n g  of the rocket  engine. 

The general  theory of evaporat ion and evaporative f reez ing  of  

propel lan ts  and o the r  l i q u i d s  i n  a vacuum has  been described completely 

i n  Reference 1. I n  the repor t  f o r  Phase I of  t h i s  program, Reference 3, 

t h i s  theory was appl ied t o  the  f reez ing  of propel lan ts  wi th in  the flow 

passages of propel lan t  manifolds. Quant i ta t ive  c r i t e r i a  f o r  the occurrence 

of f reez ing  were derived, and were v e r i f i e d  by experiments with n i t rogen  

t e t rox ide  i n  simulated propel lant  manifolds. The app l i ca t ion  of these 

f reez ing  c r i t e r i a  t o  the manifold flow passages of the  25-pound and 100- 

pound TCA e n g l n e r  of the Gemini OAMS gave the following r e s u l t s :  

(1) Evaporative f reez ing  of propel lan t  and blockage of the 

flow passages can occur i n  the  oxid izer  feed and manifold 

systems of  both TCA's, b u t  no t  i n  the  f u e l  systems. 

Such freezing and stoppages w i l l  occur only i n  leakage 

s i t u a t i o n s .  
(2) 

(3) Stoppages r e su l t i ng  from the f reez ing  of the  r e s idua l  

propel lan t  (dr ibble  volume) a f t e r  engine shutdown, a r e  

very unlikely.  

(4) Again f o r  a leakage s i t u a t i o n ,  e i t h e r  n i t rogen  t e t rox ide  

o r  MMH may evaporat ively f reeze  and accumulate w i t h i n  the  

combustion chamber of e i t h e r  TCA. 
- 5- 
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These r e s u l t s  a r e  discussed i n  d e t a i l  i n  the following 

subsections.  

3.2 FLOW PASSAGE GE- 

The a b i l i t y  of accumulated frozen propel lant  t o  obs t ruc t  flow 

through feed and manifold systems depends pr imari ly  on t h e  geometry 0 7  

the  flow passages. The flow passages of the G e m i n i  25-pound and 100- 
pound TCA engines are described beIrma 

The oxid izer  flow passages of the 25-pound TCA cons i s t  of a 

duct 0.34-inch long and 0.05-inch I D  beginning a t  t he  ox id izer  valve 

s e a t  and terminating a t  four r a d i a l  ducts .  The r a d i a l  ducts a r e  approx- 

imately 0.13-inch long and have a square c ross  sec t ion ,  approximately 

0.03-inch on a s ide .  These terminate i n  a s ing le  i n j e c t o r  por t  0.085- 

inch long and 0.0225-inch ID. The junct ions between the main feed duct 

and the r a d i a l  ducts ,  and the r a d i a l  ducts  and the i n j e c t o r  p o r t s ,  form 

sharp right-angled bends. The f u e l  flow passages cons i s t  of two feed 

duc ts  approximately 0.56-inch long and 0.053-inch I D  beginning a t  the 

valve s e a t  and terminating on opposite s ides  of a t o ro ida l  manifold. 

The manifold has an approximately square c ross  sec t ion ,  0.03-inch on a 

s i d e ,  and its circumference is  2.01 inches. Four i n j e c t o r  po r t s ,  0.084- 

inch long and 0.026-inch I D  ( f o r  the  QAMS engines) ,  a r i s e  from the 

manifold a t  equal ly  spaced in t e rva l s .  I n  t h i s  case too,  the  junct ions 

between the feed ducts  and the manifold and the manifold and i n j e c t o r  

porte  form right-angled bends. 

The corresponding flow passages of the 100-pound TCA a r e  

s imi la r .  For the oxid izer ,  the feed duct between the valve s e a t  and the  

junc t ion  with the center  of a c y l i n d r i c a l  manifold is S-shaped, and has  

a t o t a l  length of 1.925-inches and an I D  of 0.1 inch. The c y l i n d r i c a l  

manifold i s  0.045-inch high and 0.5 inch i n  diameter. Sixteen r a d i a l  

ducts  0.037-inch I D  and 0.165-inch long connect t o  the circumference of 

the cy l ind r i ca l  manifold a t  equal ly  spaced i n t e r v a l s  and terminate a t  s i n g l e  

i n j e c t o r  ports, 0.024-inch I D  and 0.112-inch long. The junc t ions  between 

the feed duct and the cy l ind r i ca l  manifold, and the r a d i a l  ducts  and the 

- 6- 
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i n j e c t o r  p o r t s  a r e  approximately a t  r i g h t  angles.  The f u e l  flow passages 

c o n s i s t  of a s ing le  feed duct 1.2-inches long and 0.1-inch I D ,  which 

leads from the valve seat  i n t o  a t o r o i d a l  manifold. The l a t t e r  i s  

1.06-inches i n  diameter and has  an  approximately rectangular  c ros s  

s e c t i o n  0.162-inch by 0.06-inch. Sixteen i n j e c t o r  po r t s ,  0.013-inch 

ID and 0,077-inch long, e r i s e  frax t h i s  manifold a t  equally spaced 

i n t e r v a l s .  A second to ro ida l  manifold located in s ide  the splash-plate  

of the i n j e c t o r  i s  connected t o  the f i r s t  by a duct 0.16-inch long a l d  

0.06-inch i n  diameter. me l a t t e r  manifold i s  1.15-inches i n  diameter 

and has  a n  approximately square cross-sect ion,  0.092-inch by 0.094-inch. 

Sixteen r a d i a l  i n j e c t o r  por t s ,  0.0225-inch i n  diameter and 0.035-inch 

long arise fram t h i s  manifold a t  equa l ly  spaced i n t e r v a l s .  The purpose 

of t h i s  l a t t e r  injector system i s  t o  provide f i l m  cooling of t h e  wa l l s  

of t h e  canbustion chamber. A l l  junct ions between ducts  and manifolds, 

and manifolds and i n j e c t o r  porte  a r e  a t  r i g h t  angles.  

Clear ly ,  stoppages wi th in  e i t h e r  the  f u e l  o r  oxidizer  flow 

passages of the t w o  types of TCA a r e  possible  i n  v i e w  of the abrupt 

reduct ions i n  cross-sect ion and d i r e c t i o n a l  changes from one passage 

t o  the  next. The presence of right-angled bends and sharp reductions i n  

duct  s i z e  provides exce l l en t  foundations f o r  plugs of frozen ma te r i a l  

to lodge and resist the  pressure of the propel lant .  The f a c t  t h a t  the 

ox id ize r  p o r t s  a r e  fed by independent duc t s ,  each with a right-angled 

bend and a reduction i n  duct s i z e  a t  the junct ion with i t s  po r t ,  i nd ica t e s  

t h a t  plugging of one or two o f  the  ducts  could occur while the o the r s  

remain unoccluded. A s  a r e s u l t ,  some flow which i s  less than the designed 

flow r a t e  would be achieved upon a camurnd to  f i r e .  Although freezing a l s o  

may occur i n  the  i n j e c t o r  por t s ,  a n  e f f e c t i v e  plug is no t  formed because 

the  p rope l l an t s  con t r ac t  upon freezing and cannot obtain a mechanical g r i p  

on the  smooth walls.  

3 .3  THE FREEZING OF LEAKING PROPETAANT 

A s  discussed i n  the r e p o r t  f o r  Phase I, f o r  a leakage s i t u a t i o n ,  

the  accumulation o f  evaporatively-frozen p rope l l an t  within the  flow 
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passages of the  propel lan t  feed and manifold systems depends on seve ra l  

f a c t o r s  of which the most important a r e :  (1) the  geometry of the flow 

passages and the t o t a l  area of  the  i n j e c t o r  p o r t s ;  (2) the physical  

p rope r t i e s  of the propel lants ,  p a r t i c u l a r l y  the vapor pressure and temp- 

e r a t u r e  of the  l iqu id-so l id  t r a n s i t i o n ;  and (3) the r a t e  of h e a t  

t r anspor t  from the  surroundings. Furthermore, a s  a r e s u l t  of t h i s  de- 

pendency, i t  was shown t h a t  s i g n i f i c a n t  accumulation of frozen propel lan t  

can occur only i f  the leak r a t e  i s  wi th in  a c e r t a i n  range. Since the  

vapor from propel lan t  within the flaw passages can escape only through 

the  i n j e c t o r  po r t s ,  the r a t e  of hea t  removal by evaporation i s  l imi ted  

by the t o t a l  area of the p o r t s .  It follows, then, t h a t  the upper l i m i t  

of the leak  range is  defined by the  condi t ion  t h a t  the r a t e  of evapora- 

t i v e  hea t  removal is j u s t  s u f f i c i e n t  t o  cool ( t o  the freezing po in t )  and 

freeze the  leaking propel lant ,  and simultaneously remove the hea t  t rans-  

ported t o  the  frozen propel lant  from the  surroundings. The equat ion 

descr ib ing  t h i s  condi t ion  is: 

. 
max = 

where Ah i s  the t o t a l  area of the i n j e c t o r  po r t s ,  B i s  a constant  which 

depends on the molecular weight and s p e c i f i c  hea t  r a t i o  of the  propel lan t  

vapor, AHv i s  the  hea t  of sublimation, qe i s  the r a t e  of hea t  t r anspor t  

from the surroundings,  c 1  is  the s p e c i f i c  hea t  of the  l i q u i d ,  If i s  the  

hea t  of fus ion ,  To i s  the  i n i t i a l  temperature of  the  leaking propel lan t ,  

and Pa and T 
the f reez ing  point  ( t r i p l e - p o i n t  i n  the case of a pure substance).  

a r e  the  vapor pressure and temperature respec t ive ly ,  a t  P 

I 
The lower l i m i t  of the leak range i s  defined by the condi t ion  

t h a t  the r a t e  of hea t  t ranspor t  from the  surroundings i s  j u s t  s u f f i c i e n t  

t o  vaporize the propel lan t  a s  f a s t  a s  i t  leaks.  That i s ,  there  i s  no 

accumulation of frozen propel lant  wi th in  the flow passage a t  l eak  r a t e s  

I 

- 8- 



ATLANTIC RESEARCH CORPORATION 

ALEXANDRIA.VIRGINIA 

lower than t h i s  l imi t ing  value. The equat ions descr ib ing  t h i s  condi t ion 

a r e  a s  follows: 

and 

where eo  i s  the i n t e r n a l  energy of the leaking propel lan t  ( l i q u i d ) ,  es 

and Ts a r e  the  i n t e r n a l  energy and temperature respec t ive ly ,  of the  pro- 

p e l l a n t  wi th in  the flow passages, and the remaining symbols have the  

meanings indicated i n  the  paragraph above. 

1 

Applicat ion of these equat ions t o  the 25-pound TCA engines i n  

the  environment of  a n  o r b i t i n g  Gemini vehic le  p e r m i t s  computation of the  

range of leak- ra tes  f o r  which evaporat ively-  frozen propel lan t  can 

accumulate and block the manifold flow passages. Except f o r  q the da ta  

needed f o r  t h i s  computation a r e  r e a d i l y  ava i l ab le ,  including the physical  

and thermal p rope r t i e s  of the propel lan ts  and the diameters of the i n j e c t o r  

p o r t s ,  given above. 

e '  

The co r rec t  value t o  be used f o r  qe may be estimated from valve 

and i n j e c t o r  temperature data obtained during the  f l i g h t  of Gemini 7. 

Under nonf i r ing  condi t ions the  i n j e c t o r  temperature (ac tua l ly  the metal 

p l a t e  enclosing the back of the  engine) was approximately SOOF. 
temperature of ox id izer  valve was genera l ly  i n  the range of 70°F t o  80'F. 

The valve i s  warmed by a 1.25-watt hea t e r  used t o  prevent severe cooling 

by thermal r ad ia t ion  ( i n d i r e c t l y )  i n t o  space. As an add i t iona l  s a f e t y  

f ea tu re  $ a second 1.25-watt h e a t e r  i s  ava i l ab le  and tu rns  on automa t i c a l l y  

i f  the  valve temperature drops below 20'F. Besed upon these f a c t s ,  and 

consider ing the ava i l ab le  paths f o r  t h e m  1 conduction between the ox id ize r  

The 
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valve and the i n j e c t o r  p la te ,  i t  was determined t h a t  the appropr ia te  

value of qe i s  1.25 w a t t s  for leakage of both n i t rogen  t e t rox ide  and 

MMH (monomethylhydrazine). 

For the  100-pound TU, no temperature da ta  e x i s t .  However, the 

same h e a t e r  arrangement on the  ox id ize r  valve is used and therefore  i t  

i s  reasonable t o  assume the same value f o r  qe. 

The maximum and minimum leak  r a t e  values ,  computed on t h i s  

b a s i s  using Equations (1) and (2) f o r  ni t rogen t e t rox ide  a t  se lec ted  

i n i t i a l  temperatures i n  both the 25ipound and 100-pound TCA, a r e  l i s t e d  

i n  Table 3-1 and shown graphica l ly  i n  Figures 3-1 and 3-2. For MMH, 
the  r a t e  of evaporation from the frozen propel lan t  w i th in  the  f u e l  flow 

passages i s  such t h a t  the  r a t e  of hea t  removal assoc ia ted  with the  vapor 

flow i s  less than 1.25 watts.  Accordingly, MMH may cool evaporatively t o  

a low temperature b u t  cannot f reeze  , rd  plug the  flow passages. 

J u s t  a s  evaporat ively frozen propel lan t  can accumulate i n  the 

manifolds,  it a l s o  can accumulate wi th in  the  combustion chamber. The 

maximum leak r a t e  f o r  t h i s  occurrence i s  determined by the r a t e  of vapor 

flow through the th roa t  of the nozzle.  Accordingly, Equation (1) a p p l i e s  

t o  t h i s  case when the  a rea  of the th roa t  i s  subs t i t u t ed  f o r  Ah. Since 

the  combustion chambers of the  Gemini TCA's a r e  wel l  i n su la t ed ,  qe may 

be assumed t o  be zero.  Assuming an i n i t i a l  p rope l lan t  temperature of  

40°F, the maximum leak  r a t e  values  of ni t rogen t e t rox ide  wi th in  the com- 

bus t ion  chamber a r e  7.35 and 33.9 cc/sec f o r  the  25-pound and 100-pound 

TCA, respec t ive ly .  The corresponding values  f o r  MMH a t  the saute i n i t i a l  

temperature a r e  0.0084 and 0.042 cc/sec.  

3.4 FReEZING OF RESIDUAL PROPELLANT AFTER 
ENGINE SHUTI)(IwN 

Although the  res idua l  volume of propel lan t  which i s  contained 

wi th in  the feed and manifold flow passages a f t e r  engine shutdown, may 

f reeze ,  i t  i s  unl ike ly  tha t  a flow stoppage w i l l  be c rea ted  by t h i s  
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occurrence except perhaps f o r  a very b r i e f  span of t i m e .  This i s  es- 

p e c i a l l y  t r u e  i f  the engine had become very warm during f i r i n g .  

reason for t h i s  i s  t h a t  the maximum volume ( the t o t a l  volume of t he  

i'iow passages) of the res idual  propel lant  i s  small and r equ i r e s  a mini- 

mum of h e a t  f o r  complete vaporization. For the 25-pound TCA these 

maximum volumes of nitrogen t e t rox ide  and MMH a r e  0.00243 and 0.00483 

The 

in', respect ively.  

corresponds t o  the hea t  content i n  the i n j e c t o r  p l a t e  f o r  temperature 

changes of only 0.9'F and 3.2'F, respect ively.  For the 100-pound TCA 
the corresponding volumes and temperature changes of the i n j e c t o r  a r e  

0.00297 and 0.00742 in3, and 4.7 and 19.8OF, respect ively.  Actually,  

the amount of r e s idua l  propellant and the  h e a t  required f o r  complete 

vaporizat ion most l i k e l y  w i l l  be much less  than these maximum values.  

This is because the propel lant  w i l l  b o i l  wi th in  the flow passages, and 

much of the l i qu id  w i l l  be expelled through the i n j e c t o r  po r t s  by the 

growing vapor bubbles. 

The heat  required t o  vaporize these volumes 
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4.0 EXPERIMENTAL STUDIES 

4 1 DISCUSSION 

The purpose of t he  o v e r a l l  experimental  program i s  t o  inves t iga t e  

propel lan t  leakage through propel lant  valves  and determine the  ex ten t  of 

plugging of propel lan t  flow passages and a t t endan t  flow delays produced by 

evaporatfve cool ing and freezing of propel lan ts .  The o r i g i n a l  t e s t  program 

was divided i n t o  three phases and w a s  concerned with ba l l - type  propel lan t  valves  

s i m i l a r  t o  those used on t h e  Apollo SPS engine. A s  was s t a t e d  i n  Sect ion 2.0, 

the  Gemini work became Phase IV of the  program and was scheduled t o  be 

performed during a period of approximately f ive  weeks s t a r t i n g  December 10, 

1965. 

the  Phase IV t a sks  were accomplished. 

Accordingly, the  e f f o r t  on Phase I1 was temporarily suspended while 

The Gemini tests have been completed and this report de l inea te s  the 

accomplishments achieved during Phase I V .  A t o t a l  of 53 t e s t s  w e r e  conducted: 

46 using n i t rogen  t e t rox ide  as the  test  medium, and 7 using monomethylhydrazine 

(MMH) a s  the  t e s t  medium. 

prope 1 l a n t  : 

Three types of t e s t s  were conducted with each 

1. Flow without leakage t o  determine the  "baseline" flow delay 

not a t t r i b u t a b l e  t o  stoppage by f reez ing  (14 t e s t s  with N204 
and 3 t e s t s  w i t h  MMH). 

2. Engine shutdown tests t o  determine flow delays because of 

the res idua l  propel lant  (dr ibble  volume) f reez ing  between 

the  propel lan t  valve and i n j e c t o r  (10 t e s t s  with N204 and 

one t e s t  with MMH). 
3. Valve-leak tests t o  determine flow delay caused by pro- 

pe l l an t  freezing during the  in t e r im  between f i r i n g s  of the  

engine (22 t e s t s  with N204 and three  tests with MMH). 

The r e s u l t s  of these t e s t s  can be summarized a s  follows: 

1. ]Leakage of N2O4 through the  propel lan t  valve can r e s u l t  

i n  evaporat ive f reez ing  and blockage of the flow passages. 

2. A f low- in i t i a t ion  delay of 16 mil l iseconds and fu l l - f low 

delays up to  552 mi l l i seconds  were experienced a s  a 
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3.  

4. 

5. 

6 .  

7. 

r e s u l t  of f reezing of N204.  

A t  the  higher  leak r a t e s ,  f rozen N 0 appeared t o  f i l l  the 

combustion chamber, and frozen N 0 was extruded through 

the nozzle during some tests. 

Af t e r  the N2O4 valve was closed a t  the end of a l eak  t e s t ,  

i n j e c t o r  temperatures 

one case dropped t o  -36OP. 

No flow delays were detected during the d r ibb le  volume 

tests. 

No f reezing o r  flow delays were noted during the MMH t e s t s .  

Af te r  the MMH valve was closed a t  the end of a leak t e s t ,  

very l i t t l e  change was noted i n  i n j e c t o r  temperature. 

2 4  

2 4  

ua-fly drop@ below O'F, and i n  

4.2 TEST APPARATUS 

4.2.1 High Al t i tude  F a c i l i t y  

The major t o o l  used i n  performing the experiments i s  the A t l a n t i c  

Research Corporation high a l t i t u d e  tunnel  f a c i l i t y .  Figure 4- 1 d e p i c t s  t h i s  

f a c i l i t y  and some of thc per t inent  c h a r a c t e r i s t i c s .  

Br i e f ly ,  the , E s t  chamber of the f a c i l i t y  c o n s i s t s  of a cy l ind r i -  

c a l  s t a i n l e s s  s t e e l  tunnel ,  6 f e e t  in diameter and 25 f e e t  long, which i s  

exhausted by a 5 s tage steam e j e c t o r  system. The f a c i l i t y  has  a design 

pumping capaci ty  of 71,000 l i t e r s  of a i r  per  second a t  a pressure of 0.06 t o r r  

and a no-load minimum pressure c a p a b i l i t y  of 0.02 t o r r ,  which s imulates  an 

a l t i t u d e  of approximately 245,000 f e e t .  This provides adequate s imulat ion 

of the  vacuum of the space environment i n  t h i s  case,  s ince  the t r i p l e - p o i n t  

pressures  of pure N204 and pure MMH a r e  approximately 140 and 0.106 t o r r ,  

r e spec t ive ly  (see d iscuss ion  i n  Sect ion 3.0). 

4.2.2 Propel lan t  Flaw System 

The N2O4 and Aerozine-50 flow systems used f o r  the Phase I and 

Phase 11 t e s t s  were modified and used t o  conduct the Phase IV t e s t s .  The 

sec t ions  of the  systems downstream from the cu t -of f  valves  were changed 

by rep lac ing  the simulated Apollo propel lan t  valves  and i n j e c t o r  assemblies with 

-16- 



ATLANTI c RESEARCH CORPORATION 
A L E X A N O R 1 A . V I R G I N I A  

s 
Ll 

- 17- 



ATLANTIC RESEARCH CORPORATION 
ALEXANORIA.VIRGINIA 

a Gemini 

system components upstream fran the cut-off  valves were changed; however, 

some l i n e s  were moved s l i g h t l y ,  r e l a t i v e  t o  the tunnel,  i n  order  t o  allow 

the desired posi t ioning of the Gemini TCA. 
with the a x i s  of symmetry of the  cambustion chamber hor izonta l  i n  a l l  tests. 

A schematic drawing of one of the two v i r t u a l l y  i d e n t i c a l  flow systems is 
shown i n  Figure 4-2. 

25-pound thrus t  chamber assembly (GFE). None of the flow 

The TCA assembly was mounted 

A purge l i n e  was ins t a l l ed  between the Gemini TCA valve and the 

cu t -of f  valve. The nitrogen gas purge system was used a t  the termination 

of a test a s  a means of c lear ing  a l l  res idua l  propel lant  from the system, 

downstream from the cut-off  valve. 

Leakage was simulated by repeatedly pulsing the TCA valve by means 

of a spec ia l ly  designed e l ec t ron ic  c i r c u i t .  

cycles  per second, end the on-pulse durat ion,  two t o  15 milsec, could be 

var ied independently t o  achieve var ious leak  r a t e s .  

f o r  t h i s  cont ro l  u n i t  is shown i n  Figure 4-6. 

Both the cycle r a t e ,  0.7 t o  14 

The e lec t ron ic  c i r c u i t  

Simulation of the thermal environment of the Gemini Spacecraft ,  

pr imari ly  the r a t e  of heat  t ransport  ( t o  o r  from the i n j e c t o r )  f o r  a given 

pr=p-,l,l,snt tem,pgr=bdre, ic? ECTC d i f f i c u l t ,  The nhnrt +Cmp nchpdiiled far 

cunplet ion of t h i s  program and i n i t i a l  unawareness of the exis tence of the 

1.25-watt valve-heaters precluded a r igorous simulation of the thermal 

environment. Moreover, the cont rac t  work statement spec i f ied  maintaining 

the propel lant  a t  temperatures of 20°F and 40°F and the i n j e c t o r  a t  20'F. 

Obviously, the l a t t e r  is not r e a l i s t i c  i n  the a c t u a l  case i f  evaporative 

cooling occurs within the flow passages of the i n j e c t o r  as expected. 

The manner of simulation used i n  the t e s t i n g  was as  follows. 

The propel lan t  was maintained a t  the prescribed temperatures by m a n s  

of a heat  exchanger in s t a l l ed  i n  the feed l i n e  upstream of the cu t -of f  

valve a s  shown i n  Figure 4-3. 
cooled t o  20°F by a stream of cold carbon dioxide gas. During the tests 

the gas cooling was used only a s  required t o  keep the temperature of the 

A t  the beginning of a t e s t  the i n j e c t o r  was 
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i n j e c t o r  from r i s i n g  above 20°F. Under these circumstances, the i n j e c t o r  

i s  heated pr imari ly  by rad ia t ion  from the wal l s  of the vacuum chamber. 

Although not known p r e c i s e l y ,  the  r a t e  of r ad ia t ive  hea t  t ranspor t  was 

probably of the  order of 0.5 watt  when the  i n j e c t o r  temperature was 26'P, 
and was not  much d i f f e r e n t  from the  a c t u a l  r a t e  of heat  t ranspor t  supplied 

by the valve hea ters .  

It is concluded t h a t  any d i f fe rence  between the thermal environ- 

ments of the experimental and the a c t u a l  s i t u a t i o n  is small. Because of  

the much l a r g e r  evaporative hea t  f luxes  from ni t rogen te t roxide ,  the  

d i f fe rence  was not  c r i t i c a l  to  experiments with t h i s  propel lant .  

however, the d i f fe rence  may have been q u i t e  important because the evapora- 

tive heat  f lux  a t  i t s  t r i p l e  point  is very small. 

With MMi, 

The f i r s t  25 tests were conducted with the e n t i r e  flow system 

located outs ide the high a l t i t u d e  tunnel. The Gemini TCA was exposed t o  

the  vacuum by i n s e r t i n g  the  nozzle through a hole i n  a spec ia l ly  designed 

aluminum por t  p l a t e  which was used t o  replace one of the  glase por ts  

i n  the tunnel,  The Gemini TCA mounting f lange,  located about one inch from 

the nozzle u n i t ,  was cemented t o  the aluminum p la t e  t o  form a vacuum s e a l .  

%-la I n i t s l l + t t n n  wthd Blmpl i f i ed  plumbing of the  flow system, in s t ru -  

mentation, and over-e11 operation of the tes t  apparatus.  

However, during t e s t  25, frozen N 0 accumulated i n  and 2 4  
apparent ly  sealed the combustion chamber, causing a sharp increase i n  

chamber pressure and r e su l t i ng  i n  a leak  around the chamber pressure 

tap,  Since t h i s  event created a po ten t i a l  s a f e t y  hazard, the Gemini 

TCS was placed ins ide  the tunnel. The TCA was mounted d i r e c t l y  i n  

f ron t  of one of the  g l a s s  ports  i n  the tunnel ,  with the nozzle e x i t  

facing t h i s  port .  

chamber and i n j e c t o r  face while the tests were  i n  progress.  Photo- 

graphs, shaving the i n s t a l l a t i o n  of the Gemini TCA i n  the high 

a l t i t u d e  test  chamber, a r e  presented i n  Figures 4-4 and 4-5. 

This allowed v i sua l  observat ion of the  cambustion 
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4.2.3 Instrtnnenta t i o n  

A multichannel recording osc i l lograph  was used t o  simultaneously 

record the va r i ab le s  summarized i n  Table 4-1. C h a r t  speeds  from 0.1 t o  

80 inches p e r  second can be obtained with t h i s  recorder .  

Bere-=ire themszcuples  were used to measure temperature r? t 

l oca t ions  shown in Figure 4-7. The T i  thermocouple shown i n  t h i s  fi.r:ire 

was inse r t ed  i n t o  an ex i s t ing  chamber-press,ire probe tube at tached t o  the 

cen te r  of the i n j e c t o r .  

the back of the  in j ec to r .  Propel lant  temperature was measured by insertin!: 

a s ta in less -s tee l - shea thed  thermocouple i n t o  the  propel lan t  l i n e  downstream 

from the h e a t  exchanger. A l l  thermocouple s i g n a l s  were conditioned by 

bridge c i r c u i t s  which allowed pre-run balancing and e l e c t r i c a l  c a l i b r a t i o n .  

The T2 and T3 thermocouples were sof t -soldered t o  

Propel lant-  tank and engine chamber pressures  were measured by 

strain-gage- type pressure transducers.  The power suppl ies  t h a t  w e r e  used 

t o  provide the e x c i t a t i o n  voltage f o r  the s t ra in-gage bridge a l s o  contained 

e l e c t r i c a l  c a l i b r a t i o n  c i r c u i t s  which provided pre-run c a l i b r a t i o n  capa- 

b i l  i t i e  s . 
Propel lan t  flow delays were determined by recording the cu r ren t  

being appl ied t o  the propel lant  solenoid valve and measuring Corresponding 

pressure-drop response across  an o r i f i c e  i n  the propel lan t  l i n e .  These two 

va r i ab le s  were measured w i t h  a dual-beam osc i l loscope  a s  w e l l  a s  with the 

recording osci l lograph.  The magnetic-reluctance type d i f f e r e n t i a l  pressure 

t ransducer  t h a t  was used t o  measure the pressure-drop s i g n a l  has a response 

of b e t t e r  than 3,000 cps.  The sweep r a t e  of the osc i l loscope  was s e t  a t  

0.2 cm per  milsec and the paper speed of the  recording osc i l lograph  was 

set a t  20 inches pe r  second. This allowed time r e so lu t ions  t o  be made t o  

wi th in  about one milsec.  

Leak r a t e s  were measured by a s p e c i a l  beam-balance system. It 

consis ted of a beam suspended from a mounting p l a t e  by a t h i n  shee t  of 

s t a i n l e s s  steel ,  which formed a s turdy ,  f r i c t i o n l e s s  pivot .  The propel lan t  
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TABLE 4-1 

VARIABLES RECORDED BY 0SCILUx;RAF" 

Variable Sensors 

Tank pressure Strain-  gauge pressure 

Rocket chamber S t ra in-  gauge pressure 

Di f f e ren t i a l  pressure 

transducer,  0-250 ps ig  

pressure transducer,  0-250 ps ig  

propel lan t - l ine  orifice transducer,  0-250 ps ig  
* Pressure drop acro~s 

I n j e c t o r  temperature (TI) Chromel-Alumel 
thermocouple 

I n j e c t o r  temperature (T2) Chromel-Alumel 
thermocouple 

I n j e c t o r  temperature (T3) Chromel-Alumel 
thermocouple 

Prope 1 l a  n t  tempera tu re  ( Tp ) Iron- constantan 
thermocouple 

* Valve cu r ren t  

Leak Rate 

Tunne 1 Pressure 

Voltage drop ac ross  
1.5 c!m r e s i p t o r  

Force t ransducer  
(Reluctance type)  

Ioniza t ion  type 
vacuum gage 

Location of Sensor 

Tank pressur iz ing  l i n e  

Rocket chamber 

Across o r i f i c e  i n  
propel lan t  feed l i n e  

Center of i n j e c t o r  p l a t e  
(Fig. 4-7) 

1/3 of the d is tance  from 
cen te r  t o  edge of i n j e c t o r  
(Pig. 4-7) 

2 /3  of the d is tance  from 
cen te r  t o  edge of i n j e c t o r  

(Fig. 4-7) 

Ins ide  the  prope 1 l a  n t  feed 
l i n e ,  downstream from h e a t  
exchanger 

Beam balance 

Tunne 1 wa 11 
12 inches from door 

* These va r i ab le s  were also monitored by a dual-beam osc i l loscope .  
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tank was at tached t o  one end of the  beam and a s u i t a b l e  counterweight was 

at tached t o  the  o t h e r  end, A force transducer mounted between the beam 

and a s t a t i o n a r y  mounting p l a t e  signaled changes i n  weight of the  tank 

contents  versus t i m e  t o  the  recording osci l lograph.  

For the  f i r s t  24 tests the  test  apparatus was mounted outs ide the t 

tunnel i n  the  manner described above i n  Section 4 .2 .2 ,  and the  remainder of 

the tests were conducted with the rocket engine mounted e n t i r e l y  in s ide  t h e  

test chamber, During these l a t t e r  tests, 16 mm motion p i c t u r e s  were taken 

of the leaking phenomena tha t  occurred i n  the engine combustion chamber. 

The photographic and 1Lghting technique t h a t  was used is i l l u s t r a t e d  i n  

Figure 4-8. 

I 
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4.3 TEST PROCEDURE 

Three types of tests were performed: 

1) Cal ibra t ion  t e s t s  t o  determine the times required,  a f t e r  

opening the TCA valve,  f o r  flow i n i t i a t i o n  and f u l l  flow 

t o  be achieved when no propel lan t  f reez ing  occurred; 

2)  Dribble-Volume Freezing Tests  t o  s imulate  engine 

shut-down and r e ign i t ion ;  and 

3) k a k  t e s t s  

P r io r  t o  performing the tests, the propel lan t  tank mounted on the  

balance beam (See Figure 4-2) was  f i l l e d  by c los ing  the hand cu t -of f  va lve ,  

drawing a p a r t i a l  vacuum on the tank, and opening the f i l l  valve. A f t e r  the  

propel lan t  tank was f i l l e d ,  the hand valve was closed. The l i n e  between the 

hand valve and remotely control led cut-off  valve was then evacuated t o  tunnel  

pressure (approximately 20 @g) and f i l l e d  w i t h  p rope l lan t  by pressur iz ing  

the  tank with GN2 t o  300 psig,  c los ing  the remotely cont ro l led  valve,  and 

opening the  hand valve. 

Shor t ly  before  i n i t i a t i n g  a t e s t  the TCA and the  propel lan t  l i n e  

downstream from the remote cut-off valve were purged thoroughly with GN2 

to remove r e s idua l  l i qu ids .  The purge valve was closed and a l l  flow o r  void 

spaces located between the cut-off  and TCA valves  were evacuated t o  tunnel  

pressure through a vent i n  the purge l i n e .  These volumes then were f i l l e d  

with propel lan t  by c los ing  the TCA and vent valves  and opening the remotely 

cont ro l led  cut-off  valve.  A t  t h i s  po in t ,  the  flow system was ready f o r  e i t h e r  

of the  three  c l a s s e s  of t e s t s  mentioned above. 

The f i n a l  pre-test operat ion was i n j e c t o r  cooling. Expanded C02 

w a s  sprayed on the back of the i n j e c t o r  u n t i l  T1 (see Figures  4-2 and 4-7) 

was 20'F. Then the  C02 flow was stopped, and the  t e s t  was begun. 

The d iscuss ion  thus f a r  has per ta ined t o  procedures which were 

performed i n  preparing fo r  a l l  t e s t s .  The following sec t ions  d iscuss  the  

continued spec ia l  procedure according t o  the type of t e s t  being conducted. 

4.3.1 Cal ib ra t ion  Tests 

These tests were conducted by opening the  TCA p rope l l an t  valve for 

a period of time s u f f i c i e n t  to  a s su re  t h a t  f u l l  flow had been obtained (ap- 
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proximately three  seconds). 

c h a r t  speed was 20 i p s ,  SO t ha t  a one milsec time re so lu t ion  was possible .  

add i t ion ,  an oscillo-photograph was made of the valve cu r ren t  and d i f f e r e n t i a l -  

pressure t ransducer  responses. 

During the opening and c los ing ,  the  osc i l lograph  

I n  

Two base- l ine  delay times were obtained from these t e s t s :  

1) Llcw-Ini t iat ion Delayi defined a s  the  time elapsed between 

the f i r s t  movement of the  valve-current  t r ace  and the f i r s t  

movement of the  d i f f e ren t i a l -p re s su re  t r ace ,  and 

2 )  Full-Flow Delay, defined a s  the time elapsed between the 

f i r s t  movement of the  valve-current  t r ace  and f i r s t  indica t i o n  

of  f u l l  flow on the  d i f f e ren t i a l -p re s su re  t r ace .  

Several  of these tests were made on each propel lan t  valve t o  

examine the  r ep roduc ib i l i t y  of the valve operat ions.  The base- l ine  flow- 

i n i t i a t i o n  delay and fu l l - f low de lay  were  5 . 5  and 9 milsec,  respec t ive ly ,  

f o r  both valves.  

4.3.2 Dribble Volume Freezing Tes ts  

The on-time con t ro l  of the valve-puls ing device (see Sect ion 4.2.2 

and Figure 4-6) was adjusted such t h a t  the valve t r a c e ,  displayed on the 

' osc i l loscope ,  indicated current  flow for  a preselected period of time (6 t o  

11 milsec)  with the purge GN2 flowing through the valve.  

l i n e  was f i l l e d  with propel lant  up t o  the TCA valve,  a s  discussed above. 

Then the  propel lan t  

The tes t  was conducted by allowing the valve t o  pulse once, 
wai t ing  for  a s p e c i f i c  period of elapsed time (2 sec  t o  13 min), and then 

opening the valve u n t i l  f u l l  flow was a t t a i n e d .  The osc i l lograph  c h a r t  

was operated a t  a slow speed during tests involving wai t ing  periods i n  

excess of about one minute; however, the speed was increased t o  20 i p s  j u s t  

p r i o r  t o  opening of the valve a t  the end of the  test. 

4.3.3 k a k  Tests  

The on-time and frequency con t ro l s  of the  puls ing device were 

ad jus ted  i n i t i a l l y  t o  t h e i r  minimum s e t t i n g s .  With the device operat ing,  the 

valve would not  open under these condi t ions.  

Af t e r  the propel lant  l i n e  had been f i l l e d  up t o  the  TCA valve,  

and the tank pressure had been ad jus ted  t o  the des i red  l e v e l ,  the valve 
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cycl ing  was i n i t i a t e d .  %e valve on-time was increased u n t i l  the  des i red  

i n i t i a l  (nominal) flow r a t e  was achieved. 

Leakage was allowed t o  proceed u n t i l  the  occurrence of one o r  more 

of the following: 

1) A long period of t i m e  had elapsed during which the  flow- 

r a t e  was constant and none of the  recorded temperatures 

exhib i ted  s i g n i f i c a n t  changes; 

the  flow r a t e  decreased g r e a t l y  o r  stopped a l t o g e t h e r ;  

the  i n j e c t o r  tempera tu re s ,  p a r t i c u l a r l y  T1, dropped t o  

a very low l e v e l ;  o r  

2 )  

3 )  

4 )  considerable frozen propel lan t  had accumulated i n  the 

combustion chamber. 

When one o r  a combination of these phenomena occurred, the  

TCA valve was opened u n t i l  f u l l  flow was evident .  

me osc i l lograph  cha r t  was operated a t  one i p s  during the 1 k 

period and was increased t o  20 i p s  j u s t  p r i o r  t o  opening of the valve a t  

the end of the t e s t .  A f t e r  the valve was c losed ,  the  speed was reduced 

t o  one i p s ,  and the i n j e c t o r  temperatures were recorded f o r  a s h o r t  time 

beyond siiui- down. 

Delay times associated with flow a f t e r  the f u l l  opening of the 

valve a t  the  terminat ion of  the leak  t e s t  were determined by the technique 

discussed i n  Sec t ion  4 . 3 . 1 .  The corresponding base- l ine values were sub- 

t r ac t ed  from these delay times t o  obta in  the  flow i n i t i a t i o n  and f u l l  flow 

delays caused by propel lan t  freezing. 

The e a r l i e r  l eak  t e s t s  were conducted with 300 ps ig  tank pressure 

during the e n t i r e  run. Because of the c y c l i c  opera t ion  of the valve during 

the leak  period, an in t e rmi t t an t  spray of propel lan t  emitted from the 

i n j e c t o r  po r t s  during some t e s t s .  Zn an at tempt  t o  reduce the  ve loc i ty  

of the propel lan t  through the flow passages during the valve pulses ,  some 

of  the l a t e r  runs were made with a tank pressure of about 5 psig.  I n  these  

cases  the  valve cycl ing was stopped, and the  tank pressure was increased 
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t o  300 psig j u s t  p r i o r  t o  f u l l  opening of the  valve.  

1-28, 1-29, 1-31, 1-32 and 1-45 were conducted i n  t h i s  l a t t e r  manner. 

Runs 1-26, 1-27, 

4.4 UTA AND RESULTS 

4.4.1 Dribble-Volume Tests 

"Dribble Volume" is defined a s  the r e s idua l  propel lan t  remain- 
* - -  AILS L r k .  usLweea the propellant *:e?x7e and injectcr aftor  e n g h e  shutdowr?. A 

t o t a l  s e t  of 11 dr ibb le  volume t e s t s  (10 with N2O4 and one with MMH) was 

performed t o  inves t iga t e  the  p o s s i b i l i t y  of evaporat ive f reez ing  o f  the 

d r ibb le  volume upon exposure t o  a vacuum environment. The procedure f o r  

these  tests consis ted of energizing the propel lan t  valve solenoid f o r  per iods 

of approximately 6 ,  8 and 10  milsec t o  f i l l  the flow passages and then wai t ing  

f o r  periods of 2 seconds t o  13 minutes before  opening the  valve to  e s t a b l i s h  

flow. 

o r  MMH, which ind ica ted  t h a t  i f  any f reez ing  of propel lan t  did occur,  i t  was 

i n s i g n i f i c a n t .  Also, an examination of the i n j e c t o r  temperature da ta  showed 

no ind ica t ion  of f reezing.  The de ta i l ed  procedure used f o r  conducting these 

t e s t s  i s  described i n  Section 4.3.2. 

No flow delays w e r e  observed i n  the dr ibble  volume tests wi th  N2O4 

4.4.2 Leak Tests  

Propel lan t  leaks  through the Gemini poppet- type propel lan t  valves  

were achieved by puls ing the  valves  i n  a c y c l i c  manner, a s  described i n  

Sect ion 4.3.3. This type of l eak  was obviously not a s  severe a t e s t  a s  a 

s teady,  t r i cke l - type  leak through a f a u l t y  s e a l  would have been. Each time 

the valve was pulsed, a s lug  of propel lan t  of s u f f i c i e n t  quan t i ty  and momentum 

was passed through the valve t o  d i s t u r b  any f reez ing  of the  previous s lug  

of propel lan t  which may have occurred i n  the  i n j e c t o r  manifold system. The 

puls ing technique f o r  obtaining a leak  s imulat ion was chosen because the  welded 

cons t ruc t ion  used on the  Gemini flow system, and the very l imi ted  t i m e  ava i la -  

b l e  f o r  completing the work, precluded the use of any o the r  leaking technique. 

(e.g., scor ing  the valve sea t ,  cons t ruc t i - ig  a s u b s t i t u t e  valve-mockup, e t c . )  

A t o t a l  s e t  0 :  25 leak t e s t s  was conducted: 22 with N204 and th ree  

with MMH. Primary emphasis was placed on N2O4 r a t h e r  than MMH because no 

f r eez ing  was observed or expected during the MMH t e s t s  (see d iscuss ion  of 

Sect ion 3.0). 

reduced and p lo t t ed  f o r  the tests during which no experimental  d i f f i c u l t i e s  

The data  recorded by a recording osc i l lograph  have been 
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were encountered. 

I n  add i t ion  t o  the recording osc i l lograph ,  an  osc i l loscope  was used t o  

monitor valve pulses  and propel lan t  flow delays.  Flow delays were de- 

termined by using a d i f  fe ren t ia l -pressure  t ransducer  ac ross  a flow-control 

o r i f i c e ,  a s  described i n  Sect ion 4.2 .3 .  A Polaroid camera, a t tached  t o  the 

osc i l loscope ,  provided a permanent record of the valve-pulse du ra t ion  and 

the corresponding flow s igna l  from the d i f f e r e n t i a l - p r e s s u r e  t ransducer .  

Figure 4-9 shows two typ ica l  photographs of  pu lses  obtained during the  

N2O4 l eak  tests. 

which allowed an  accurate  reso lu t ion  of time t o  one milsec.  The osc i l loscope  

measures the vol tage drop across  a fixed 1 . 5 n r e s i s t o r  connected i n  s e r i e s  

with the valve solenoid;  therefore ,  the v e r t i c a l  s ca l e  i s  d i r e c t l y  pro- 

por t iona l  t o  the  valve cur ren t .  This c i r c u i t  i s  shown i n  Figure 4-6. 
Figure 4-9(a) shows t h a t  the  valve was energized f o r  f ive  milsec,  and 

Figure 4 - 9 ( b )  shows a pulse  durat ion of  e i g h t  milsec.  

d i f f e ren t i a l -p re s su re  transducer responded 5.5 milsec a f t e r  the valve was 

energized, and flow was indicated f o r  per iods of approximately 23 and 2 9  

milsec,  respec t ive ly .  

p l e t e l y  c lose  lmmediately a f t e r  the  valve was deenergized, bu t ,  r a t h e r ,  

These data  a r e  presented i n  Appendix A of t h i s  r epor t .  

Sweep speed of the  scope was s e t  a t  0.2 cm p e r  milsec,  

I n  both cases  the  

This suggests t h a t  the valve apparent ly  did no t  com- 

a l l ~ ~ e d  ~3rd p r ~ i ; e l l ~ ~ t  f l ~ ~  f ~ r  a~ short i;e?itd ~f t h e  a f t e r  t h ~  elect i fre1 

pulse was terminated. 

The low-level cur ren t  p la teau  t h a t  immediately followed the  pulse 

terminat ion cormnand i n  Figure 4-9 shows t h a t  a small residual cu r ren t ,  ap- 

proximately 0.03 amp, remains i n  the valve c i r c u i t  f o r  a s h o r t  period of  

t i m e .  

valve-closing operat ion is unknown. However, the cu r ren t  dropped t o  zero  

a t  l e a s t  10 milsec before the pressure t ransducer  ind ica ted  t h a t  the valve 

was closed.  I f  the low-level (p la teau)  cu r ren t  was, indeed, holding the  

valve open, i t  would be expected t h a t  the flow-meter i nd ica t ion  of valve 

c losure  would have occurred within about 1 o r  2 milsec.  I n  any event ,  

s ince  the procedure f o r  the ca l cu la t ion  of leak  r a t e s  produces average 

values  over time i n t e r v a l s  t ha t  involved many valve pulses ,  the exac t  opening 

The ex ten t  t o  which t h i s  r e s idua l  cu r ren t  cont r ibu ted  t o  the s luggish  
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Figure 4-9. Oscilloscope Display of Solenoid 
Valve Pulse and Propellant 
Flow lveasurement. 
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and c los ing  c h a r a c t e r i s t i c s  of the valve d o  not a f f e c t  the  r e s u l t s .  

Evaporative freezing of N2O4 was experienced even though the  

leaks  obtained by the  pulse-mode operat ion did not  provide a s  severe a 

tes t  a s  would have been obtained using a steady, t r i ck le - type  leak.  

i nd ica t e  t h a t  f reez ing  occurred i n  the cav i ty  between the  propel lan t  valve 

and the i n j e c t o r ,  and v i s u a l  otsermtione identified extensive f r eez ing  i:: 

the combustion chamber. For the h igher  leak r a t e s  the  combustion chamber 

appeared t o  be f i l l e d  with frozen N2O4. 
was extruded through the nozzle th roa t ,  and i n  two cases  chamber pressure 

increased t o  294 and 253 psia f o r  about 40 mill iseconds s h o r t l y  a f t e r  the 

valve was opened ind ica t ive  of a blockage i n  the nozzle v i c i n i t y .  

Data 

I n  severa l  t e s t s  frozen N204 

The most important measurement made was the  determinat ion of the 

ex ten t  of flow delay caused by evaporative f reez ing  and plugging. Unfor- 

tuna te ly ,  the flow passages of the  manifold and i n j e c t o r  temperature a t  a 

l oca t ion  wi th in  1/8 inch from the  flow passages. 

flow delay was made by the measurement of the  pressure drop ac ross  the flow 

con t ro l  o r i f i c e .  Two types of flow delays were determined, a s  defined i n  

Sect ion 4.3: f low- in i t i a t ion  delay and fu l l - f low delay. Flow de lays  f o r  

a l l  the va l id  N2O4 leak t e s t s  a r e  l i s ced  i n  Tabie 4-2. 
r a t e  during the run i s  a l s o  tabulated i n  Table 4-2. Leak r a t e s  f luc tua ted  

during a t e s t  (see Appendix A )  over a f a i r l y  w i d e  range and therefore  i t  

i s  d i f f i c u l t  t o  a s soc ia t e  flow delays with a s ing le ,  s p e c i f i c  leak  r a t e .  

The average leak r a t e s  reported i n  Table 4-2 were obtained by measuring 

the  propel lan t  weight change i n  the propel lan t  tank during the  e n t i r e  leak  

period and d iv id ing  by the t o t a l  l eak  t i m e .  A t t e m p t s  were made t o  c o r r e l a t e  

flow delay and leak r a t e  by using numerous techniques f o r  choosing a repre- 

s e n t a t i v e  leak  r a t e ,  bu t  no meaningful c o r r e l a t i o n  could be obtained with 

the  ava i l ab le  data .  Additional d e t a i l s  of the a n a l y t i c a l  procedure, toge ther  

with the  i n t e r p r e t a t i o n  and s igni f icance  of  the r e s u l t s ,  a r e  presented i n  

Sect ion 4.5. 

The determinat ion of 

A n  average ieak 
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<cc/sec) 
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1 
I 
I 
I 
I 
t 
I 
1 
1 
I 
t 
1 
I 
I 
8 
I 

0.0012 
0.0018 
0.0029 
0.0066 
O . G O 7 6  
0.010 
0.011 
0.012 
0.017 
0.018 
0.026 
0.022 
0.023 
0.023 
0.036 
0.037 
0.065 

TABLE 4-2 

SUMMARY OF F W  DELAYS 
DUE TOVALVE LEAKAGE 

Run 
No. - 
44 
42 
45 
18 
46C 
31 
32 
29 
36 
28 
46B 
39 
27 
40 
38 
26 
46A 

tl 

t2 

- Flow- in i t i8 t ion  delay (ace SectLon 4 . 3 )  

- Full-Fluw delay (ree Section 4 .3 )  

-37- 

(msec) 

2 
2 
4 

16 
1 
2 
0 
0 
1 
0 
0 
1 
0 
0 
1 
0 
1 

t2  
(msec) 

2 
2 
4 

76 
150 

71 
0 

91 
27 

116 
115 
156 
0 
0 

0 
552 
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Flow delays of sone ex ten t  were measured during most of  the  

N2O4 leak  t e s t s ,  bu t  no flow de lays  o r  ind ica t ions  of f reez ing  were apparent  

during the MMH t e s t s .  

i n i t i a t i o n  delay observed was 21  milsec which is  16 milsec longer than the  

base- l ine  delay discussed i n  Sec t ion  4.3.1. I n  the same test, the f u l l -  

flow delay was 85 milsec or 76 milsec longer  than the  base- l ine  c a l i b r a t i o n .  

The longest  fu l l - f low delay observed was 552 milsec. 

For t he  N2O4 tests, the most s i g n i f i c a n t  flow- 

For most tests i n  which flow delays of e i t h e r  type were ob- 

served, temperature data  f o r  the  i n j e c t o r  indicated f reez ing  wi th in  the 

flow passages. When the propel lan t  valve was opened a t  the end of a leak  

per iod,  the i n j e c t o r  temperature usua l ly  increased because of the  inf luence  

of the warmer propel lan t  flowing through the i n j e c t o r .  

tests, when the  propel lan t  valve was closed,  the i n j e c t o r  temperature usua l ly  

dropped wel l  below OOF, and i n  one case dropped t o  -36OF. 

t o  sublimation of frozen N204 which co l l ec t ed  on the  i n j e c t o r  face and sp lash  

p l a t e  while the  valve was open. 

During the N2O4 

This was a t t r i b u t e d  

During the MMH t e s t s  no f reez ing  was observed i n  the combustion 

chamber when the valve was opened a t  the end of a test. Consequently, 

when the valve was closed very l i t t l e  change i n  i n j e c t o r  temperature was 

noted. 
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4.5 ANALYSIS 

The experimental observations j u s t  described may be r ead i ly  

in t e rp re t ed  wi th in  the  theo re t i ca l  framework out l ined i n  Sect ion 3.0 of 

t h i s  r epor t  and i n  the  r epor t  for Phase I (Reference 3). Indeed, there  

i s  s u b s t a n t i a l  agreement between experiment and theory. That f reez ing  

of  n i t rogen  tetroxide,  bu t  not MMH, can occur within t h e i r  respec t ive  

propel lan t  manifolds, a s  indicated by the  observat ion of flow de lays  

and the measurements of i n j e c t o r  temperature, is a r e s u l t  predicted by 

the  theory. Moreover, the  observed lack of flow delays and i n j e c t o r  

cool ing i n  the  "dribble volume" experiments i s  explained by the consider- 

a t i o n  t h a t  the  sens ib le  hea t  of the  i n j e c t o r  and manifold is  very much 

g r e a t e r  than the t o t a l  hea t  necessary t o  completely vaporize the r e s idua l  

propel lant .  On the o the r  hand, the  t h e o r e t i c a l l y  predicted range of 

l e a k  r a t e s  i n  which flow stoppages and f reez ing  i n  the  manifold must 

occur,  could not be determined from the experiments performed. Through 

considerat ion of the flaw and evaporative processes,  i t  may be shown 

t h a t  t h i s  r e s u l t s  fram the a r t i f i c i a l  c h a r a c t e r i s t i c s  of the method 

used t o  simulate the leak. This i s  discussed i n  d e t a i l  i n  the following 

paragraphs. A seeming discrepancy, t h a t  leaked MMH d i d  not f reeze i n  

the  combustion chamber a s  predicted,  i s  discussed subsequently. 

The t h e o r e t i c a l  development described i n  Reference 1 was based 

on the  assumed condi t ion of a steady r a t e  of leakage (which a l s o  would 

most c lose ly  represent  an  ac tua l  leakage s i t u a t i o n ) .  This theory was 

then appl ied (Section 3.0 of t h i s  r epor t )  t o  ca l cu la t e  the maximum and 

mirimurn rates of leakage f o r  which propel lan t  can freeze wi th in  the  

manifold. E x p e r h n t a l l y ,  t he  s teady leakage condi t ion  was n o t  fu l -  

f i l l e d ,  bu t  ins tead  the "leak" was a rap id ly  pulsa t ing ,  on-off flow. 

During each pulse the propel lant  f low-rate  approached the ra ted  f u l l -  

flow which is  much g r e a t e r  than the maximum leak r a t e  f o r  f reez ing  i n  

the  manifold. Moreover, the  flow during a s i n g l e  pulse was s u f f i c i e n t  

t o  f i l l  completely o r  a t  l e a s t  a s i g n i f i c a n t  f r a c t i o n  of the manifold 

volume. Thus, frozen propel lant  formed from the l i qu id  l e f t  by one pulse 

tends t o  be washed away by the  next. 
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I n  e f f e c t ,  the  experimental technique t o  produce leakage was 

a s e r i e s  of "dribble volumes". 

descr ibed,  a s ing le  r e s idua l  volume of propel lan t  cannot f reeze.  However, 

f r eez ing  i s  conceivable f o r  a s e r i e s ,  s ince  the metal p a r t s  of t he  

i n j e c t o r  a r e  cont inua l ly  cooled by the  evaporation and bo i l ing  which each 

succeeding quan t i ty  of res idua l  propel lan t  undergoes. I n  t h i s  way, the  

nearby parts of the i n j e c t o r  may become s u f f i c i e n t l y  cold t o  p e r m i t  

the  f reez ing  of propel lan t .  

According t o  the  observat ions a l ready  

On the o the r  hand, freezing i n  the manifold cannot be expected 

f o r  any given s e r i e s  of pulses;  the  occurrence of such f reez ing  must be 

random. The reason f o r  t h i s  has been observed many times during the 

pu l sa t ing  flow of a l i q u i d  through a small  opening i n t o  a vacuum. The 
momentum imparted i n  each pulse causes some of the l i qu id  t o  s q u i r t  

through the  i n j e c t o r  por t s .  Af te r  the motion subsides ,  the l i qu id  

which remains i n  the po r t s  evaporat ively f reezes  i m e d i a t e l y .  I n  t h i s  

way, the  p o r t s  a r e  plugged between pulses ,  and the propel lan t  i n s ide  the 

manifold cannot evaporat ively cool and f reeze .  Although the plugs a r e  

s u f f i c i e n t l y  s t rong  t o  withstand a small vapor pressure,  they a r e  blown 

f r e e  by the high p res su re  accmpanying the  next pulse of l i qu id ,  and 

the  whole process then r epea t s  i t s e l f .  Nevertheless,  it i s  possible  

during a s e r i e s  of a few pulses t h a t  one or more of the po r t s  w i l l  no t  

be plugged because of some momentary v a r i a t i o n  i n  the preva i l ing  

p u l s a t i l e  flow pa t t e rn ,  and freezing may then occur wi th in  the  por t ions  

of the  manifold assoc ia ted  w i t h  the  i n j e c t o r  po r t s  involved. 

To sum up the d iscuss ion  thus f a r ,  the  cha rac t e r  of the  leakage 

mode used i n  the experiments was v a s t l y  d i f f e r e n t  from the  usua l ,  t r i c k l e  

type of leak which w a s  assumed f o r  the t h e o r e t i c a l  a n a l y s i s  i n  Sect ion 3.0. 

Ins tead ,  the flow consis ted of a succession of pulses  f o r  which f reez ing  

wi th in  the manifold genera l ly  cannot occur because the  i n j e c t o r  ports 

usua l ly  a r e  plugged with frozen propel lan t  between pulses .  However, 

random flow v a r i a t i o n s  may leave same p a r t s  f r e e  during a s e r i e s  of a 

few pulses  and permi t  f reez ing  i n  the manifold. 
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A s  described i n  Section 3.0, the n i t rogen  t e t rox ide  manifold 

c o n s i s t s  of  a set of r a d i a l  ducts,  each terminat ing i n  a s ing le  port .  

Thus, f o r  the p u l s a t i l e  flow used f o r  leakage s imulat ion,  f reez ing  when 

i t  occurs is most l i k e l y  t o  occur only i n  one or two of the  duc ts  a t  a 

time. Accordingly, t h i s  explains  why only fu l l - f low delays were observed 

usua l ly ,  and s i g n i f i c a n t  f l ow- in i t i a t ion  de lays  were observed only r a re ly .  

More fmportant and f o r  the  same reason, the  p u l s a t i l e  f l o w  method cannot 

produce a s  severe a f reez ing  condition a s  would r e s u l t  from t h e  normal, 

t r i ck le - type  leak. This i s  because the  l a t t e r  could lead t o  f reez ing  

near  the  valve seat or i n  the feed duct t o  the manifold. I n  t h i s  event 

a - - in i t ia t ion  delay would be l i k e l y .  

Nevertheless,  the experimental r e s u l t s  do demonstrate t h a t  

l eak ing  ni t rogen t e t rox ide  can freeze i n  the manifold of a Gemini 25-  

pound TCA and t h a t  such freezing can cause s i g n i f i c a n t  fu l l - f law delays.  

Another r e s u l t  of the p u l s a t i l e  flow i s  t h a t  no c o r r e l a t i o n  

between average "leak" r a t e  and the occurrence of f reez ing  can be 

expected, because of the  random nature  of its occurrence. Thus maximum 

and minimum leak r a t e s  f o r  f reezing could not be observed experimentally.  

Instead r e l i ance  must be placed on the values ca lcu la ted  t h e o r e t i c a l l y  and 

presented i n  Sect ion 3.0. These values  a r e  bel ieved t o  be q u i t e  accurate .  

The v a l i d i t y  of the theory upon which they a r e  based has been demonstrated 

i n  the  leakage experiments conducted i n  Phase I of t h i s  program. For 

i l l u s t r a t i o n ,  Figure 4-10 shows the t h e o r e t i c a l  maximum and minimum leak  

r a t e s  of n i t rogen  t e t rox ide ,  a t  se lec ted  i n i t i a l  temperatures,  canputed 

f o r  one of the experimental  valve-manifold-injector systems used. Also 

p lo t t ed  a r e  observed leak- ra te  values  f o r  which e i t h e r  s i g n i f i c a n t  flow- 

i n i t i a t i o n  delays,  absence of delay but  f reez ing  i n  the  manifold, o r  

absence both of delay and freezing occurred. 

agreement between the experimental r e s u l t s  and the t h e o r e t i c a l  predict ions.  

I n  general  t he re  i s  good 

Turning now to  the freezing of MMH, no f reez ing  of t h i s  pro- 

p e l l a n t  w i th in  the  combustion chamber was observed, although t h i s  was 

predicted t h e o r e t i c a l l y  f o r  very low l eak  r a t e s .  The probable reason 

for t h i s  i s  t h a t  the MMH used in the  experiments contained a small amount 

of water, which according to spec i f i ca t ions  must have been less than 2 

per  cent by weight. Upon exposure t o  vacuum, evaporat ion producea a 
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f u r t h e r  increase i n  water concentrat ion s ince  the vapor i s  near ly  pure 

MMH. Thus the  f i n a l  mixture  may f reeze a t  a pressure s i g n i f i c a n t l y  less 

than 0.1 t o r r ,  the  t r i p l e -po in t  pressure  of the pure mater ia l .  In  t h i s  

event ,  the  vacuum a t t a i n a b l e  in  the High Al t i tude  F a c i l i t y  is not 

s u f f i c i e n t l y  l o w  to  evaporat ively f reeze  t h i s  mater ia l .  Moreover, the  

m a x W  l eak  r a t e  f o r  f reezing i n  the  combustion chamber, ccnnputed 

i n  Sec t ion  3.0 also should be much less. 

- 42- 



ATLANTIC RESEARCH CORPORATION 
ALEXANORIA,V IRGINIA  

r- 

d 
74 
I * 
a, 

2 
i;z 

- 43- 



AT L AN T I t R ES E ARCH COR PO RAT IO N 

A L E X I N  0RIA .V IRGIN I A  

5.0 CONCLUSIONS AND RECOMMENDATIONS 

The pr inc ip le  r e s u l t  of t h i s  i nves t iga t ion  was the  experimental  

and t h e o r e t i c a l  demonstration tha t  leaking ni t rogen t e t rox ide  can f reeze  

evapora t ive ly  i n  the i n j e c t o r  manifold of 25-pound and 100-pound TCA 

engines ,  and obs t ruc t  subsequent flow. Furthermore, a s  was noted i n  

the experimental  work f o r  Phase I, the  obs t ruc t ions  grow and break in 

a c y c l i c a l  manner, with the  r e s u l t  t h a t  the ser iousness  of the  blockaae 

depends on the moment i n  the cycle a t  which the propel lan t  valve i s  

opened. 

Ignoring, f o r  the moment, the p o s s i b i l i t y  of explosive pressure 

t r a n s i e n t s  upon i g n i t i o n ,  t h i s  r e s u l t  i s  not  p a r t i c u l a r l y  serious from 

the  point  of view of NASA's G e m i n i  program. The i n t e r m i t t e n t  charac te r  

of the blockages means t h a t  an  OAMS engine with a leaky ox id ize r  valve 

w i l l  not produce f u l l  t h u r s t  i n  the  pu l se  mode on some occasions and 

w i l l  deliver f u l l  t h r u s t  i n  the  d i r e c t  mode only a f t e r  some delay. 

The eventual  successfu l  operation o f  the  engine i n  the d i r e c t  mode 

i s  expected because the r e s i s t i v e  hea t ing  of the  energized solenoid 

valve and the s t a t i c  pressure of the  propel lan t  eventua l ly  w i l l  c l e a r  

the  frozen material. The consequence of these  occurrences a lone ,  

i s  some l o s s  of the  prec is ion  with which the e p e c r c t n f t  can he mnnei~vered- 

On the  o the r  hand, compensation f o r  t h i s  can be made by proper use of 

those remaining OAMS engines which a r e  una f f l i c t ed .  

For the  RCS engines,  the f reez ing  of leaking ox id ize r  i s  even 

less a problem because of the redundancy of engines and the  f a c t  t h a t  

the  propel lan t  feed system remains dry u n t i l  j u s t  pr ior  t o  use. 

However, these considerat ions may be academic because of the 

p o s s i b i l i t y  of a 'hard s t a r t "  and the  occurrence of explosive pressure 

t r a n s i e n t s  wi th in  the combustion chamber when r e s t a r t  of an engine 

with a blocked ox id ize r  menifold is attempted. Even under normal 

circumstances the r e s t a r t ,  i n  a vacuum, of a rocket  engine with n i t rogen  

t e t rox ide  and MMEI w i l l  be accompanied by a "pressure spike" of some 

magnitude. 

depend upon the amount of well-mixed f u e l  and ox id ize r  which accumulates 

The magnitude of t h i s  "pressure spike" i s  bel ieved t o  
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with in  the combustion chamber p r i o r  t o  ign i t i on ,  

may s t e m  from evaporat ive cooling and f reez ing  of  propel lan ts  upon 

en te r ing  the combustion chamber, and a r e s u l t a n t  delay of hypergolic 

i gn i t i on .  When i g n i t i o n  f i n a l l y  occurs,  the mixture may detonate or 

b u m  explosively.  

Such accumulations 

Mamentary blockage of the n i t rogen  t e t rox ide  manifold with 

frozen propel lan t ,  and the  r e su l t i ng  uncontrolled fuel- lead I only 

aggravates  t h i s  problem. 

t e t rox ide  i s  blocked, MMH flows f r e e l y  i n t o  the combustion chamber and 

accumulates. Also, although i t  w i l l  not f reeze ( the r a t e  of fu l l - f low 

is much g rea t e r  than the maximum l eak  r a t e  f o r  f reez ing) ,  the MMH w i l l  

cool evaporat ively t o  a very low temperature, probably less than OOF. 

Fina l ly ,  a f t e r  the blockage i n  the  n i t rogen  t e t rox ide  manifold breaks 

f r e e ,  ox id izer  flows i n t o  the chamber and delayed hypergolic i g n i t i o n  

occurs,  as i n  the case described above. However, i n  addi t ion  t o  the  

explosive combustion of the  mixed f u e l  and oxid izer ,  the excess f u e l  

accumulated p r i o r  t o  ox€dizer  f l o w  undergoes a well-known exothermic 

and explosive decomposition which of course would increase the s e v e r i t y  

of the "pressure spike". Moreover, it i s  possible  t h a t  the c o l d  f u e l  

accumulated pr ior  t o  the s t a r t  of ox id i ze r  flow may delay f u r t h e r  

the hypergolic i g n i t i o n  and cont r ibu te  s t i l l  more t o  the "pressure spike". 

I n  t h i s  case ,  while the flow of n i t rogen  

Obviously, such 'hard s t a r t s "  pose a t h r e a t  t o  the en t i re  

Gemini spacecraf t .  On the  o ther  hand, no data  are ava i l ab le  t o  subs t an t i a t e  

the l ike l ihood t h a t  such 'hard s t a r t s "  w i l l  indeed r e s u l t  from uncontrolled 

de lays  i n  the flow of oxid izer .  This is  the  objec t ive  of Phase 111 

(of the  o v e r a l l  valve-leakage program) which i s  t o  be undertaken in the  

very near  fu ture .  

I n  view of t h i s ,  the  ser iousness  of ox id izer  valve leakage and 

f reez ing  of n i t rogen  t e t rox ide  wi th in  the  propel lan t  manifold cannot be 

accura te ly  assessed f o r  the Gemini spacec ra f t  a t  t h i s  t i m e .  Consequently, 

i t  i s  a l s o  premature t o  recommend a study t o  develop remedial devices  and 

techniques f o r  use with the  OAMS engines.  No acceptable  "qufck f ixes"  a r e  

ava i l ab le  f o r  the f reez ing  problem; ins tead ,  the development of a remedy 

w i l l  involve considerable  study and t e s t i n g ,  e s p e c i a l l y  acceptance t e s t i n g  

t o  a s su re  t h a t  the  remedy unwit t ingly d o e s  no t  introduce o the r  problems. 
-45- 
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6.0 PROGRAM STATUS 

The program schedule, showing accomplishments t o  da te  and work 

remaining, i s  presented i n  Figure 6.1. 

approximately one week, due t o  the G e m i n i  (Phase IV) tests; however, 

the overa l l  program w i l l  be brought back on schedule i n  a few weeks by 

opera t ing  on a two-shif t  bas i s .  

Work i n  Phase I1 has s l ipped by 

Approximately 7,610 man hours were expended t o  complete the  

work shown i n  Figure 6.1. 

of the e f f o r t  f o r  the t o t a l  program. 

This expenditure represents  about 67 per cent  
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APPENDIX A 

LJZAK TEST DATA 

This appendix contains  the d a t a  obtained during the  17 Phase I 

(N204) and three  Phase I1 (MMH) successfu l  l eak  tests. 

temperatures,  p rope l lan t  temperature, and flow r a t e  a r e  p lo t ted  versus  

time f o r  each run, and a l l  o t h e r  data and opera t ing  condi t ions  a r e  pre- 

sented i n  notes  appearing on the graphs. 

I n j e c t o r  

Time zero  on these p l o t s  is  defined a s  the i n s t a n t  t h a t  

vol tage i s  appl ied t o  the  valve during the  valve-opening operat ion a t  the  

end of the  leak  period. negative time a p p l i e s  t o  the leak period, 

and pos i t i ve  time a p p l i e s  to the valve opening and c los ing  operat ion a t  

the end of the test. 

A l l  of the temperatures a r e  p l o t t e d  on the same tdmperature 

s c a l e  f o r  a given run and a r e  labeled according t o  the  nomenclature 

defined by Table 4-1 and Figure 4-7. 

The delay times noted on the  curves a r e  the  times measured i n  

excess of the non-freezing (or base l ine)  case.  They a r e  abbreviated a s :  

tl = f low- in i t i a t ion  delay 

t2 = fu l l - f low delay 

A l l  of the leak data reported here  was obtained according t o  

the procedure discussed i n  Sec t ion  4.3.3 except f o r  Run 1-46. That t e s t  

is divided i n t o  three  pa r t s  labeled A ,  B, and C. A t  the  start of the  

t e s t ,  the leak  r a t e  was adjusted t o  a s u f f i c i e n t l y  l a rge  level t h a t  

considerable  accumulation of frozen N204 occurred i n  the  combustion 

chamber. The oxid izer  valve was opened when the  s o l i d  ma te r i a l  appeared 

t o  f i l l  the  chamber. After a few seconds, t he  valve was closed and the 

leaking process was allowed to continue. This procedure was followed 

f o r  th ree  f u l l  openings of the  valve and d i f f e r s  from the  standard 

procedure where the flow system downstream from the propel lan t  valve 

was thoroughly purged p r i o r  t o  each t e s t .  
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